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Project	
  Overview	
  
This	
  project	
  is	
  mo.vated	
  primarily	
  by	
  cost	
  reduc.on	
  

Performance	
  	
  	
  !	
  	
  	
  Reliability	
  	
  	
  !	
  	
  	
  Cost	
  
§  Capacitors	
  represent	
  one	
  of	
  the	
  top	
  two	
  sources	
  of	
  

failure	
  and	
  volume	
  in	
  power	
  electronics	
  modules	
  

§  Advances	
  in	
  WBG	
  semiconductor	
  devices	
  mean	
  that	
  
opera9ng	
  temperature	
  limita9ons	
  are	
  imposed	
  by	
  
capacitors	
  and	
  packaging	
  

§  Power	
  electronics	
  systems	
  with	
  reduced	
  thermal	
  
management	
  requirements	
  are	
  highly	
  desirable	
  for	
  
sta9onary	
  and	
  transportable	
  storage	
  

§  Available	
  high	
  opera9ng	
  temperature	
  capacitors	
  fail	
  to	
  
meet	
  the	
  criteria	
  for	
  desired	
  performance	
  and	
  reliability	
  

3	
  

•  High	
  power	
  density	
  
•  Reduced	
  complexity	
  
•  Reduced	
  cooling-­‐
related	
  failures	
  

•  Higher	
  power	
  
•  Greater	
  efficiency	
  

•  Severe	
  dera9ng	
  
•  Large	
  volume	
  
•  Expensive	
  

Impact	
  on	
  system	
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GOAL-Produce reliable high temperature capacitors 

Courtesy	
  of	
  Jack	
  Flicker,	
  SNL 



Improved	
  DC	
  Link	
  Capacitor	
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Switching	
  transient	
  simula(on	
  
courtesy	
  of	
  Stan	
  Atci=y	
  

§  Uncooled	
  opera9on	
  above	
  200-­‐300°C	
  ambient	
  
§  1-­‐5kV,	
  100s	
  of	
  A	
  at	
  >20kHz	
  with	
  >30	
  year	
  life9me	
  
§  Microfarad	
  to	
  millifarad	
  capacitance	
  values	
  needed	
  
§  Compact	
  &	
  Inexpensive	
  	
  
§  Low	
  ESR	
  and	
  ESL	
  is	
  cri/cal	
  for	
  high	
  frequency	
  
response,	
  ripple	
  current	
  and	
  power	
  handling	
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Capacitors	
  account	
  for	
  up	
  to	
  half	
  of	
  the	
  volume,	
  
nearly	
  half	
  of	
  the	
  cost,	
  and	
  are	
  responsible	
  for	
  
at	
  least	
  half	
  of	
  the	
  failures	
  in	
  today’s	
  inverters.	
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Goal:	
  Stable	
  Capacitance	
  and	
  
Insula9on	
  Resistance	
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In	
  prior	
  years,	
  this	
  project	
  developed	
  and	
  demonstrated:	
  
•  Novel	
  dielectrics	
  with	
  outstanding	
  electrical	
  performance	
  
•  Mul9layer	
  capacitors	
  based	
  on	
  these	
  dielectrics	
  that	
  

offered	
  significant	
  size	
  and	
  opera9ng	
  temperature	
  
advantages	
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W = 12εrε0
A
d
V 2

Portion of Murata data from Hiroshi Takagi, 
CDS Capacitor Reliability Workshop, 2011 

1.25kV 1.7kV 0.6kV 

BOPP BZT-BT Electrolytic 



High	
  Temperature	
  Opera9on	
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BiScO3	
  component	
  
helps	
  to	
  stabilize	
  
high	
  temperature	
  

permiEvity	
  

with	
  Prof.	
  David	
  Cann,	
  Oregon	
  State	
  University	
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100Hz!

5kHz!

BaTiO3–Bi(Zn,Ti)O3–BiScO3	
  

Sc2O3 > $7,000/kg 
(per atom, roughly 
equivalent to Pt) 
 
Global annual 
production of Sc2O3 
<10,000 kg 
 
Current MLCC 
production is over 
100,000 kg/yr 

For	
  large-­‐scale	
  viability,	
  
it	
  is	
  important	
  to	
  develop	
  
materials	
  with	
  similar	
  

performance	
  that	
  do	
  not	
  
require	
  significant	
  
amounts	
  of	
  Sc2O3	
  



Understanding	
  long-­‐term	
  reliability	
  
§  Dielectric	
  stress	
  in	
  disc	
  

capacitor	
  held	
  constant	
  at	
  	
  
at	
  250°C	
  

§  Mul9ple	
  aging	
  mechanisms	
  
were	
  observed	
  in	
  the	
  parent	
  
dielectric	
  0.2BiZn½Ti½O3-­‐	
  
0.8BaTiO3	
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Efield~15 kV/cm 
Test Length-3 months 

Understanding	
  the	
  dominant	
  aging	
  mechanisms	
  
in	
  capacitors	
  at	
  high	
  temperature	
  is	
  necessary	
  to	
  
extend	
  the	
  life	
  of	
  power	
  electronics	
  modules	
  

Reduc9on	
  in	
  DC	
  resis9vity	
  during	
  
opera9on	
  results	
  in	
  joule	
  hea9ng	
  and	
  
eventual	
  thermal	
  failure	
  of	
  dielectric	
  



Degrada9on	
  in	
  Ceramic	
  Dielectrics	
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§  Long-­‐term	
  degrada9on	
  generally	
  due	
  to	
  
migra9on	
  of	
  charged	
  ionic	
  defects	
  

§  HALT	
  and	
  MTTF	
  predic9on	
  require	
  
quan9ta9ve	
  descrip9on	
  of	
  mechanisms	
  

For excellent discussion, see Randall et al., J. Appl. 
Phys. 113, 014101 (2013)   doi: 10.1063/1.4772599 

+	
   _	
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Understanding	
  long-­‐term	
  reliability	
  
Dielectric stress in disc 
capacitor held constant 

at 250°C 
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2 um 

How	
  does	
  the	
  inherent	
  
microstructural	
  non-­‐

uniformi9es	
  improve	
  the	
  
performance	
  during	
  aging?	
  



Understanding	
  long-­‐term	
  reliability	
  
No	
  observable	
  changes	
  in	
  

microstructure	
  during	
  tes9ng	
  
which	
  supports	
  ion	
  mobility	
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Industrial	
  technology	
  transfer	
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SNL	
  is	
  working	
  with	
  leading	
  
dielectric	
  manufacturers	
  in	
  
New	
  York	
  and	
  California	
  to	
  
transi9on	
  this	
  technology	
  to	
  

the	
  private	
  sector	
  >30	
  Year	
  Reliability	
  

Present	
  NP0	
  capacitors	
  do	
  
not	
  meet	
  the	
  reliability	
  

requirements	
  for	
  grid	
  scale	
  
power	
  electronics:	
  	
  

Gap	
  in	
  product	
  space	
  

Representative datasheet properties 
from Presidio Components, Inc. 

High permittivity 
Stable permittivity 

Typical X7R Typical NP0 

New	
  Dielectrics	
  

k<100 k>1500 



Chemistry	
  controls	
  opera9ng	
  range	
  

§  Dielectric	
  relaxa9on	
  should	
  be	
  below	
  0°C	
  for	
  high	
  frequency	
  
§  What	
  can	
  we	
  do	
  to	
  mimic	
  the	
  performance	
  of	
  BiScO3	
  systems	
  with	
  lower	
  cost?	
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Sr (%) TCε’ (ppm/K) 
0 -1338 
5 -1464 

10 -1479 
20 -1474 
40 -1603 

ε” shifted by ~65°C 

TCε ' = −(ε 'max−ε 'max@+180°C )
ε 'max@+90°C (180°C)
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Reducing	
  the	
  dielectric	
  cost	
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Low	
  cost	
  Sc-­‐dopant	
  
subs9tu9ons:	
  Al,	
  Y,	
  Fe,	
  and	
  Ga	
  

Dielectric Cost Reductions 

Metallization Cost Reductions 
High	
  permiqvity	
  composi9ons	
  
reduce	
  the	
  number	
  of	
  precious	
  

metal	
  layers	
  required	
  to	
  
achieve	
  high	
  capacitance	
  

System Cost Reductions 
High	
  reliability	
  reduces	
  costs	
  
linked	
  to	
  maintenance,	
  system	
  
failure,	
  and	
  power	
  electronics	
  
module	
  life9me	
  reduc9on	
  	
  

BiAlO3-20BiZnTiO3-60BaTiO3 

Commercial partners have asked for the 
Al-substituted composition for scale up 



Summary	
  of	
  2014	
  Outcomes	
  
§  Improved	
  high	
  temperature	
  performance	
  

§  New	
  high	
  temperature	
  novel	
  dielectrics	
  with	
  high	
  
permiqvity	
  and	
  low	
  loss	
  were	
  produced	
  

§  Reduced	
  capacitor	
  volume	
  
§  New	
  dielectrics	
  exhibit	
  high	
  permiqvity	
  and	
  high	
  energy	
  

density	
  

§  High	
  reliability	
  focus	
  
§  Evaluated	
  long	
  term	
  resis9vity	
  changes	
  
§  High	
  resis9vity,	
  large	
  ac9va9on	
  energy	
  and	
  microstructure	
  

9ed	
  to	
  defect	
  chemistry	
  

§  Cost	
  
§  Reduced	
  cost	
  by	
  elimina9on	
  of	
  Sc2O3	
  batch	
  ingredients	
  
§  Technology	
  transfer	
  for	
  scalable	
  manufacturing	
   14	
  

•  High	
  power	
  
•  High	
  efficiency	
  
•  Reduced	
  thermal	
  
management	
  

•  High	
  power	
  density	
  
•  Reduced	
  system	
  
volume	
  

•  Reduced	
  losses	
  
•  Increased	
  system	
  
life9me,	
  reliability	
  

•  Predictable	
  MTTF	
  

•  Working	
  with	
  
dielectric	
  supplier	
  
and	
  capacitor	
  
manufacturer	
  

Impact	
  on	
  system	
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Next	
  Steps:	
  FY15	
  Milestones	
  
§  Reduce	
  cost	
  of	
  dielectric	
  by	
  subs9tu9on	
  of	
  scandium	
  oxides	
  	
  

§  Demonstrate	
  industrial	
  manufacturability	
  with	
  commercial	
  
partners	
  from	
  powder	
  synthesis	
  to	
  MLCC	
  produc9on	
  
§  Establish	
  in	
  kind	
  CRADA	
  with	
  at	
  least	
  one	
  commercial	
  partner	
  

§  Benchmark	
  exis9ng	
  commercial	
  NP0	
  dielectrics	
  against	
  newly	
  
developed	
  industrially	
  produced	
  MLCCs	
  

§  Evaluate	
  thermal	
  behavior	
  of	
  dielectric	
  packages	
  during	
  
switching	
  opera9on	
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  Laboratories	
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